Mitochondrial transport in neurons and their spatial distribution among synapses are directly correlated with synaptic activity. One paper in this issue of Neuron (MacAskill et al.) and two papers recently published in Cell (Wang and Schwarz) and PNAS (Saotome et al.) provide compelling evidence that Miro serves as a calcium sensor that controls mitochondrial mobility.
Neurons require specialized mechanisms to regulate the transport and retention of mitochondria in the vicinity of active growth cones, nodes of Ranvier, and synaptic terminals, where energy production and calcium homeostasis capacity are in high demand (Hollenbeck and Saxton, 2005) . In addition to aerobic ATP production, mitochondria are associated with certain forms of short-term synaptic plasticity by buffering Ca 2+ . Synaptic structure and function are highly plastic and undergo activity-dependent remodeling, thereby changing the demand for mitochondria.
Anterograde transport delivers mitochondria to distal sites of neuronal processes, while retrograde transport returns mitochondria to the cell body. Long-distance transport depends on microtubule (MT)-based motor proteins. While cytoplasmic dynein motors drive retrograde movement, Kinesin-1 (KIF5) was the first identified motor for anterograde transport of mitochondria (Tanaka et al., 1998; Pilling et al., 2006) . In order to accommodate specific delivery of mitochondria to axons and synapses, neurons must employ mechanisms that attach the organelles to molecular motors. Several adaptors, including Miro-Milton (Stowers et al., 2002; Glater et al., 2006) and syntabulin (Cai et al., 2005) , have been identified for linking mitochondria to the KIF5 motor in neurons.
Neuronal mitochondria display distinct saltatory and bidirectional movements. The transition between mobile and stationary status is tightly regulated to respond to altered intracellular [Ca 2+ ] i or released neurotransmitters (Yi et al., 2004 -binding domains (Fransson et al., 2003) . Three elegant studies published in this issue of Neuron (MacAskill et al., 2009 ) and recent issues of Cell (Wang and Schwarz, 2009) and PNAS (Saotome et al., 2008) independently identified Miro as a Ca 2+ sensor in regulating mitochondrial mobility. Their findings convincingly showed that the KIF5-milton-Miro or KIF5-Miro complex (probably linked to GRIF-1/TRAK2) allowed mitochondria to move along dendrites (MacAskill et al., 2008 (MacAskill et al., , 2009 ) and axons (Wang and Schwarz, 2009 ) of hippocampal neurons or along MTs in a heart cell line (H9c2) (Saotome et al., 2008 In contrast, Wang and Schwarz (2009) proposed a motor-adaptor switch model. The previous studies from the Schwarz group demonstrated the existence of a motor-adaptor complex containing the kinesin-1 heavy chain (KIF5) and Miro and Milton proteins, and this complex is critical for mitochondrial transport in axons (Glater et al., 2006) . To address how the Ca 2+ signal can affect this complex and change mitochondrial mobility, they performed well-designed experiments. They showed that, in the absence of Ca 2+ , the C-terminal tail of KIF5 was bound to the mitochondrion by interacting with the milton-Miro complex, thus leaving its N-terminal motor domain free to engage with MTs, allowing anterograde transport. Upon Ca 2+ binding to the EF hands, a conformational change was induced, resulting in direct interaction of the motor domain with Miro and preventing KIF5-MT interaction ( Figure 1B) . Thus, through a Ca
2+
-binding switch mechanism to turn ''on'' or ''off'' the motor-MT engagement, mitochondrial mobility is tightly regulated in response to synaptic activity.
At first glance, the two models leave open to debate whether KIF5 is recruited to mitochondria directly by milton or Miro. The two closest homologs of Drosophila milton in mammals are GRIF-1/TRAK2 and OIP106/TRAK1, and Drosophila KHC is equivalent to mammalian KIF5. MacAskill et al. (2008) recently reported that GRIF-1 contains both KIF5-and Miro-binding domains and is recruited to mitochondria by interacting with Miro. Expressing GRIF-1 enhances mitochondrial transport to distal neuronal processes. Thus, GRIF-1 likely plays a role similar to that of milton as a KIF5 adaptor, raising the question whether Miro links KIF5 to mitochondria independent of GRIF-1 in vivo. A second dispute between the two models is whether KIF5 remains on mitochondria after their movement is arrested. Wang and Schwarz (2009) showed that, in living neurons, fluorescently labeled KHC remained associated with both stationary and mobile mitochondria in axons at both resting and elevated Ca 2+ conditions. These findings are hard to reconcile with the in vitro biochemical observations that Ca 2+ induced the detachment of KIF5 from mitochondria (MacAskill et al., 2009 ). It is clear that different biochemical and cellbiological approaches applied in the two studies may account for some discrepant findings. It would be technically challenging using biochemical approaches to examine whether KIF5 motor attaches to or releases from mitochondria isolated from dendritic spines, where glutamateinduced local elevation of cytosolic Ca 2+ occurs. Thus, it is more physiologically relevant to image GFP-KIF5 on mobile and stationary mitochondria near activated synapses of live neurons.
One consistent observation from all three groups is that the EF hands of Miro mediate Ca 2+ -dependent arrest of bidirectional transport. Is Miro mechanistically linked to the dynein motor complex? Although the three studies did not address this question, there is room for speculation. Mitochondrial complex mobility patterns suggest that they are linked to two opposing KIF5 and dynein motors and thus retain their ability to move bidirectionally in vitro. When kinesin-driven movement is disturbed, dynein does not simply take over. Thus, the motor adaptors are reasonable candidates to coordinate the activity of opposing motors on a single organelle. In this regard, Miro's Ca 2+ -binding switch mechanism of turning ''on'' or ''off'' the motor-MT interaction ( Figure 1B ) seems more consistent with an emerging view of complex regulatory mechanisms underlying saltatory and bidirectional movements, rather than by affecting the attachment of transport motors to mitochondria. In addition, the dynactin complex might also be a candidate to regulate mitochondrial bidirectional movements since the complex associates with dynein and plays a role in kinesin-mediated trafficking events (Haghnia et al., 2007) . Recent identification of syntaphilin as a ''static anchor'' for axonal mitochondria provides another prominent mechanism (Kang et al., 2008) . Syntaphilin specifically targets axonal mitochondria and mediates their docking in a stationary status by interacting with MTs. Such a mechanism enables neurons to maintain proper mitochondrial densities within axons and near synapses. It will be worthwhile to determine whether the motor-adaptor complex and docking receptor share a single system of regulation. It is a rare opportunity to read three such elegant studies side-by-side in addressing an important issue in mitochondrial neurobiology. Future studies using genetic mouse models combined with live-cell tracking of mitochondrial mobility in vivo will provide molecular mechanisms underlying the complex regulation of mitochondrial bidirectional movements and temporalspatial localization in axons and at synapses. -independent manner, thus leaving its motor domain to engage with MTs. Ca 2+ binding to the EF hands triggers the direct interaction of the motor domain with Miro, thus preventing the motor from engaging with MTs (Wang and Schwarz, 2009 ).
Enduring episodic memories are thought to be formed in a dialog between hippocampus and neocortex promoting the redistribution of newly encoded memories from hippocampal to neocortical stores. In this issue of Neuron, Wierzynski et al. report that during slow wave sleep (SWS), driven by hippocampal sharp wave-ripple bursts, cells in prefrontal cortex fire consistently within 100 ms after hippocampal cells, i.e., a time window that allows for synaptic plastic changes in the neocortical cells. These observations corroborate evidence for a hippocampo-to-neocortical transfer of memories taking place during SWS.
The standard model of memory formation assumes that, in order to prevent interference with preexisting long-term memories, newly encoded memories are initially stored in an intermediate buffer from where these memories are gradually transferred to the long-term store in an off-line process. Much evidence indicates that the hippocampus and closely connected medial temporal lobe regions are essential for the retention of recent memories, whereas the neocortex stores remote memories (Frankland and Bontempi, 2005) . Another line of evidence suggests that slow wave sleep (SWS) provides an off-line mode of processing that enables the gradual incorporation of newly acquired hippocampal memories into neocortical networks for long-term storage (Marshall and Born, 2007) .
The off-line mode established during SWS has been characterized as a dialog between neocortex and hippocampus in which the neocortex via slow oscillations (<1 Hz) drives the reactivation of newly encoded hippocampal memories, whereby these memories are redistributed, preferentially involving medial prefrontal cortex (mPFC), which is directly connected to the hippocampus. In humans, the reactivation of hippocampal memories during SWS was indeed shown to be a causal factor in the consolidation of visuo-spatial memories. Multiple unit recordings in animals have likewise offered convincing proof of a reactivation of newly encoded memories during sleep after a learning experience. Neuron pairs that show correlated spike activity during an awake experience are also correlated during subsequent sleep within the hippocampus and within the neocortex, including mPFC (Euston et al., 2007) . Qin et al. (1997) reported that correlation patterns during wake experience reemerged during subsequent sleep both within and between hippocampal and parietal neocortical networks, although the temporal firing order between the regions was not preserved. Higherorder replay of neuronal firing patterns during SWS co-occurs likewise in the hippocampus and visual cortex, an area not directly driven by the hippocampus (Ji and Wilson, 2007). Of note, neuronal
